We discuss the features of a two Higgs doublet model exhibiting a two stage phase transition in the presence of soft terms in the scalar potential. Such 
I. INTRODUCTION
A major problem in cosmology is the explanation of the observed baryon asymmetry.
One of the great achievements of the standard hot big bang cosmological model is certainly nucleosynthesis, which explains the measured abundances of the light elements in the Universe. It leads, however, to a fine tuning problem of one parameter, the baryon to entropy ratio. It is required that this parameter be in the range 4 × 10 −11 < n B /s < 7 × 10 −11 , where n B is the net baryon density in a commoving volume and s is the entropy density.
The requirement for cosmological baryon asymmetry poses severe constraints on the allowed particle models. A. Sakharov, first in 1967, tried to explain the value of the baryon to entropy ratio assuming symmetric cosmological initial conditions. He concluded that in order to generate the baryon asymmetry dynamically, as the Universe cools, the following criteria should be satisfied: The baryon number is not conserved, C and CP symmetries are violated and there are non equilibrium conditions.
The only successful attempts so far, in explaining baryogenesis at the electroweak scale, are those based on the simplest extensions of the Standard Model (SM) with two Higgs doublet models. The CP violation provided by the Kobayashi-Maskawa matrix proves to be too small to explain cosmic baryon asymmetry [1] . These models have a new source of CP violation the phase between the two vacuum expectation values of the Higgs fields Φ † 1 Φ 2 = Re iϕ , [2] , [3, 4] , [5] . Shaposnikov [6] and MacLerran [7] first proposed that the two-Higgs model is a candidate model for electroweak baryogenesis. Turok and Zadrozny subsequently analyzed how it could work [8] .
Thus a model with two scalar boson doublets can be a sensible extension of the SM, if one requires sufficient baryon asymmetry at the electroweak phase transition. In supersymmetric models it is necessary to have at least two Higgs doublets, while extra CP violating sources arise naturally. However it should be noted that in this case too, the magnitude of CP violation proves to be rather small in a wide range of the allowed parameter space [9] .
In the two-Higgs model the desired baryogenesis at the electroweak scale is implemented by the introduction of terms that break CP invariance explicitly at the tree level. The necessity for the introduction of soft CP violating terms is the natural suppression [4] of Higgs mediated flavor changing neutral currents (FCNC). It is well known that CP symmetry is spontaneously broken in the presence of two Higgs doublets, at the expense of introducing unnatural suppression of FCNC processes [10] . On the other hand, CP violation with two
Higgs doublets and FCNC processes that are suppressed due to the heaviness of the Higgses involved [11] , lead to second order phase transitions making the baryogenesis scenario almost impossible to implement [12] .
The magnitude of CP violation required in baryogenesis is rather large, particularly if the two-Higgs model is the relic of a symmetry breaking at scales above the electroweak scale, where it is more natural that any explicit CP violating terms are small [9, 13] , [14] .
However in the context of a two-Higgs model it has been shown [15] that, in the absence of soft CP violating terms, domains of the Universe can first tunnel to a new type of minimum.
In this case either of the two Higgs doublets develop no vacuum expectation value before evolving to the usual electroweak symmetry breaking minimum. In other words the phase transition occurs in two stages. The first stage is a first order transition, while the subsequent is of second order 1 . Then fluctuations of the minimum due to the presence of the soft terms discussed above, are proved to lead to amplified CP violation at high temperature, resulting to a reasonably large baryon asymmetry. This happens in a significant range of the parameters that also cover the minimal supersymmetric standard model (MSSM).
The present work is a complete analysis of the two-Higgs phase transition in the sense that we fully take into account the contribution of the soft breaking terms. The calculation reveals a very interesting feature: The phase transition takes place again in two stages.
This happens for the entire range of the parameters, as long as the ratio of the vacuum expectation values is smaller than unity. The explicit CP violating angles developed in this first stage are indeed amplified compared to the zero temperature ones as required for baryogenesis. However during this stage, a stationary point that breaks the U(1) gauge symmetry of electromagnetism is always developed, which may lead to a large net cosmic charge asymmetry. The presence of such an asymmetry can lead to dramatic effects in the cosmological evolution due to the large strength of the electromagnetic interactions as compared to those of gravity. Any specific model that produces a charge asymmetry beyond a certain limit can be ruled out on cosmological grounds. On the other hand, a small electric charge asymmetry is useful for the production of a primordial magnetic seed field [17] .
II. THE SCALAR POTENTIAL
Using doublets both of weak hypercharge 2 Y weak = +1 the two-Higgs scalar potential can be written as follows [18] V Higgs = µ
where λ i are real numbers and
The above potential without its soft breaking part V soft , which we discuss in the following, is the most general one satisfying the following discrete symmetries:
where u respectively. All other fields involved remain intact under the above discrete symmetry. This 2 We follow here the notation of Ref. [18] in which both Higgs doublet fields have same hypercharge.
symmetry forces all the quarks of a given charge to interact with only one doublet, and thus
Higgs mediated flavor-changing neutral currents are absent. When this discrete symmetry is broken, during a cosmological phase transition, it produces stable domain walls via the Kibble mechanism [19] . One can overcome this problem by adding terms, which break this symmetry providing at the same time the required explicit CP violation for baryogenesis.
The most general form of the V soft part of the potential is
The parameters µ 3 , λ 6 and λ 7 are in general complex numbers
providing explicit CP violation at the tree level 3 .
In order to study the structure of the vacua we can perform an SU (2) 
In Eq. (6), u, v, ϕ are real numbers. The phase ϕ is the explicit CP violating angle that appears due to existence of the soft breaking terms 4 . The acceptable parameters of the model are those ensuring that the above stationary point becomes the absolute minimum at zero temperature. 3 The discrete symmetry is broken softly in the presence of λ 6 , λ 7 = 0 and µ 2 3 = 0 terms. Actually only the term µ 2 3 breaks softly this symmetry. However we call all these three terms, as soft terms.
The free parameters of the model can be taken to be the quartic couplings λ i , the ratio β = u/v and the mass parameter µ 3 , since we have the following conditions at the stationary points
and
In deriving Eqs. (7) and (8) we have made use of the fact that the zero temperature phase is small |ϕ| ≪ 1, as discussed previously. The value of ϕ can become very small either by taking the phases θ 3 , θ 6 , θ 7 to be small or by choosing the quartic coupling λ 5 to be large enough. The relations among the parameters ensuring that the stationary point of Eq. (6) is indeed a minimum and the potential is bounded from below are given in Appendix A.
Scanning the whole parameter space would be too time consuming. Therefore in our analysis we consider values of the quartic coupling constants such that the ratios |λ i | g 2 vary in the range from 0.01 to 1, where g is the SU(2) L coupling constant. The set of the parameters displayed in Table I is a sample which respects the necessary constraints (see Eqs. (A1), (A4) and (A5)) the experimental limits on the Higgs masses, ensuring at the same time an absolute U(1) em minimum at zero temperature.
III. THE TWO STAGE PHASE TRANSITION
The cosmological phase transition of the model under consideration can be studied using the finite temperature effective potential. A handy feature of two Higgs doublet models is that they can give a stronger first order phase transition and thinner bubble walls [20] , [21] , [22] .
In order to get a complete picture of the transition it is necessary to explore the full range of the potential. At T = 0 the right vacuum is chosen to be the absolute minimum after symmetry breaking takes place. For a model with two complex doublets this is realized by selecting the two neutral components to develop non vanishing vacuum expectation values.
In other words the minimum rests in a specified plane. However this by no means ensures that during the phase transition the absolute minimum remains in the same plane since, the field space is effectively five dimensional. What is usually assumed is that the minimum remains in the same plane, as in the zero temperature case. However this picture may not be correct, leading to misleading conclusions.
We include one-loop radiative corrections to the tree level potential, using the temperature corrected fermion and gauge boson masses 5 . Expanding the loop integrals we get a cubic in the scalar fields term, which stems from the Matsubara zero mode [23] . It is beyond the scope of this paper to discuss well known problems associated with the validity of the perturbation and the high temperature expansion. Thus we employ the simplified potential
where m t is the top quark mass and (M 2 A ) i are the eigenvalues of the gauge boson mass
The Lie algebra matrices appeared in Eq. (11) are defined as follows 
In order to find the location of the stationary points of the potential we adopt the following procedure: At any given temperature and for given set of couplings we first check the shape of the potential in every two dimensional plane (φ i , φ j ) specified by φ k = 0, k = i, j, in order to locate all possible stationary points. In the following we identify those which correspond to saddle points. This is simply done by examining the signs of the eigenvalues of the second derivative of the potential.
What the analysis reveals is stated in the following:
• At very high temperatures the symmetry is restored, as expected, and as the temperature drops, the first asymmetric minimum develops. There is a barrier between this minimum and the symmetric one, which lies higher, so we have a first order transition 6 .
• When β = 1 a charge preserving minimum, see Eq. (6), appears in the plane where φ 3 = φ 7 , φ 8 = 0 and φ i = 0, and everything looks conventional.
• For β < 1 the picture alters considerably 7 . In these cases, as for instance the ones displayed in Table I , a new type of stationary point appears, which is charge breaking.
At the same time, a second stationary point which is charge preserving develops. It may appear later or have appeared earlier. The phase transition details depend on the combination of the values of the parameters. For a qualitative discussion it suffices to distinguish three subcases:
1. The charge breaking stationary point is an absolute minimum at high temperatures. This happens for instance when β < 0.8, λ 6,7 ∼ g 2 , m 3 100 GeV. If the 6 However this does not guarantee bubble formation with kink-like walls [24] . 7 The case β > 1 is identical to β < 1 with the interchange of
parameter β is very small, one can relax the bound m 3 100 GeV. Bubbles of this charge breaking vacuum nucleate and propagate. As the temperature further, drops by about ∆T ∼ 100 GeV, the charge preserving stationary point becomes the absolute minimum and the charge breaking vacuum becomes unstable and through a second order phase transition the scalar fields roll towards it.
2. The usual charge preserving stationary point turns out to be the absolute minimum in favor of the charge breaking one at high temperatures. This happens for instance in the region 0.8 β < 1, λ 6,7 < g 2 , m 3 > 100 GeV. As in case 1, this
is not the only parameter region where this subcase is realized.
3. There is also a parameter range where both stationary points exist (of course one of them is the minimum and the other is a saddle point) and have similar potential depths, similar barriers and therefore transition to these points proceeds with similar tunneling rates leading to the nucleation of both types of bubbles for a while. It is worth mentioning here, that the tunneling rate for the transition between two stationary points with a barrier separating them, in a multidimensional potential, receives corrections from paths not belonging to the plane of the two points. However these corrections, which are given in a form of a determinant, little affect [25] the well known exponential law. Therefore it suffices to apply the one-loop corrected tunneling rate, as given in [26] , [27] .
In order to study the minima of the potential at finite temperature in the eight dimensional field space, we exploit the SU(2) invariance and eliminate three out of the eight degrees of freedom. In fact by an SU(2) rotation R(T ) = e iσ α fα(T ) the doublets Φ 1 , Φ 2 can be brought into the following standard form:
where u(T ) is real and z(T ), w(T ) complex. The reduction to five component simplifies the picture a great deal. With the above parameterization the two types of the stationary points discussed previously, are as follows:
Charge conserving:
Charge breaking:
There is a degeneracy in the vacuum structure of the charge breaking minimum, since the potential V (T ) in Eq. (10) has an SU(2) symmetry, if one sets Φ 1 = 0. Therefore, there is a manifold of absolute minima satisfying φ i = 0, for i = 1, ..., 4 , and φ
This vacuum degeneracy forbids the creation of net baryon and charge asymmetry [9] . What we should stress is the significance of the soft breaking terms. Their presence signals the existence of charge breaking stationary points.
Another thing that the multidimensional analysis of the phase transition makes clear, is that the explicit CP violating phase ϕ(T ), at high temperatures is significantly enhanced for all the examined sets of parameters, as compared to its zero temperature value. Recall that ϕ(T ) is non vanishing, provided that the soft terms of Eq. (4) are present. This is true even in the case where the phases θ 3,6,7 are quite small. This is due to large temperature depended factors in front of the arguments of the soft breaking terms [15] .
The development of a large ϕ(T ) affects the baryogenesis scenario, since the baryon asymmetry depends linearly on ϕ(T ). In fact within the context of the popular non-local mechanisms, which seem to work more efficiently, the fermion which is reflected from the bubble wall experiences a space dependent phase. Since right-handed fermions have different reflection coefficients from the left-handed anti-particles a baryon asymmetry is produced [33] , which for small velocities v w of the bubble wall is given by
where f is a Yukawa coupling and g s denotes the number of spin states.
IV. COSMIC CHARGE ASYMMETRY BOUNDS
A net excess of charge density ρ Q ≡ e n Q , is produced during the first charge breaking stage of the phase transition, if Sakharov's last two conditions hold as in the baryon case.
If C and CP are conserved, then C and CP conjugate reactions produce equal amounts of opposite sign charge asymmetry resulting to zero net charge asymmetry. As we shall see in our case we have CP violation in charge violating processes, resulting either from the soft breaking terms in Eq. (4), which are in general complex, or from complex Yukawa couplings.
The number density of particles and antiparticles is zero in thermal equilibrium, since the masses of a particle and its CPT conjugate antiparticle are equal. However this is not the case during a phase transition.
The idea of a charged Universe was first considered by Lyttleton and Bondi [29] . The fact that the strength of electromagnetic interaction is much larger that the gravitational one, causes any net charge asymmetry to have serious cosmological implications. Soon, upper limits on the magnitude of the allowed asymmetry were posed (for recent results see
Refs. [30] and [31] ). The most conservative constraint comes from the requirement, that the gravitational interaction is larger than the electrostatic repulsion of the net charge. This gives n Q /s ≤ 10 −18 , where n Q is the number of elementary charges in excess. The entropy density is used as a measure of the commoving volume, since from entropy conservation we get s ∝ R −3 .
More stringent bounds come from the demand that the anisotropic angular distribution of cosmic rays, induced by the electric field of the net charge, be lower than the observed one. This leads to n Q /s ≤ 10 −30 .
An additional bound is furnished by the observed isotropy in the cosmic microwave background radiation. A small charge asymmetry can cause very large anisotropies through the same mechanism of the gravitational density perturbations. They induce temperature fluctuations in the microwave background (Sachs-Wolfe effect). In this case the constraint is: n Q /s ≤ 10 −29 . Any specific two Higgs doublet model which does not respect the aforementioned bounds has to be excluded on cosmological grounds.
As we have already discussed the phase transition happens in two stages. The U(1) em gauge symmetry can be broken during the first one. One can realize the violation of the U(1) em gauge symmetry because of the development of non-vanishing vev's in the charged components of the Higgs doublets. The Higgs part of Lagrangian of the model under consideration is:
where the Yukawa terms for one family of fermions are
and V Higgs reads from Eq. (1). Q and L denote quark and lepton SU(2) L doublets, respectively. The Higgs doublets in Eqs (15) and (16) are as follows
During the charge breaking phase only the second Higgs doublet develops non-vanishing vev's, as have been discussed in Sect. III. The development of charged vev's has two major implications: (a) There is a mixing between "neutral" and "charged" gauge eigenstates resulting to new mass eigenstates without electric charge assignment, and (b) there are "electric charge" violating interactions between the gauge eigenstates.
Note that all the "electrically charged" particles become really charged only after U(1) em restoration. Therefore in this section terms like "neutral", "charged", etc., are used only to label the gauge eigenstates. Bearing in mind this we drop in what follows the quotation marks.
Due to spontaneous breaking of the electric charge in Eq. (15), the terms in the Higgs part of the Lagrangian are affected in the following away.
Kinetic terms
The presence of the charged vev's alters significantly the mixing of gauge bosons 
Yukawa terms
The Yukawa part of the Lagrangian, shifting Higgses from their vev's, involves the following bilinear terms:
The first three terms yield the usual mass terms for the fermions, while the rest lead 
Potential
There are new mass terms and interactions, that mix charge and neutral components of Higgs doublets. These are of two types: (a) terms that arise from the soft part of the potential, which carry CP violating sources (λ 6,7 ), and (b) terms that arise from the rest quartic part, which are CP preserving. Terms carrying CP violating phase 8 The W ± are defined as the usual linear combination (2) ). During the charge breaking stage the ± labels do not correspond to any physical electric charge assignment.
will be proved extremely important in producing net electric charge during the first stage of the phase transition.
We intend to calculate the net electric charge production, during the U(1) em breaking stage of the phase transition. Therefore we focus our attention on CP-odd charge violating interactions, that participate in charge violating processes. CP violating complex phases can be found in the Higgs potential (soft terms couplings) and in the Yukawa terms (Yukawa couplings). In some models the complexity of the Yukawa couplings arises naturally through the evolution of the couplings from high to low scales [9] , [14] . Although the number density of the light leptons is abundant in the plasma, leptonic processes, as for instance the decay ν l → l νν in Fig. 1 , yield vanishing net electric charge, because there is always sufficient thermal energy to activate the inverse process, l νν → ν l . Therefore the two processes coexist in equilibrium in the plasma, resulting to a vanishing net charge. Thus we focus our attention on these charge violating processes, in which the initial state is characterized by a large mass, as compared to the masses of the particles produced in the final state. In these cases only when the produced particles acquire large kinetic energy, due to their thermal motion, the inverse reaction can be activated.
We consider the charge violating decay t → d(s) νν. The dominant contribution, up to one-loop order, comes from diagrams presented in Fig. 2 . The process t → s νν dominates, because the Kabayashi-Maskawa element V ts and the Yakawa coupling h s are much larger than the V td and h d , respectively. In order to calculate the net electric charge production rate we compare, as in the case of baryon asymmetry production [12, 32] , the decay rate of process t → s νν and that of its CP conjugate. The difference of these rates will be proportional to the average net electric charge produced.
In 
On the other hand the one-loop diagram in Fig. 2b depends on the complex parameters µ 3 , λ 7 , through the φ 0 1,2 mixing. It depends also linearly on the Yukawa coupling h s , which can be complex. These complex parameters result to non-vanishing net electric charge production from the interference term of the tree level graph in Fig. 2a and the one-loop graph in Fig. 2b . The contribution of this interference term can be written as:
where I ts denotes the kinematic factor corresponding to this interference term and U ij are the elements of the diagonalization matrix of the Higgs bosons 9 . α em is the electromagnetic fine structure constant. The CP dependence of these elements is of the order of the phases of µ 2 3 and λ 7 . The CP conjugate processt →s νν yields an interference contribution:
where φ − 2 is considered real, since spontaneous CP violating phases cancel each other. The net electric charge produced during the first stage of the phase transition and is related with the process t → s νν will be proportional, at the one-loop order, to the quantity
. (22) 9 This matrix relates the Higgs bosons gauge eigenstates (φ 0 1 , φ 0 2 , φ 
To leading order in the small CP violating phases, the following approximation holds
The average net electric charge produced via the above charge violating process, measured in units of the electron charge, is therefore
where Γ top is the total top quark width. Using Eq. (22), the Eq. (24) reads as:
Here some comments are in order: (a) Even if the soft breaking couplings are real a net electric charge survives as long as Yukawa coupling h s is complex; (b) Except from the aforementioned charge violating process t → s νν, there are other similar processes, like t → s ll, which yielding much smaller values for the net electric charge. In this kind of decays, net charge is also depended on the phase l 6 , which does not appear in Eq. (25) .
So the net charge density produced during the charge violating phase 10 , if all the CP violating phases are of order 10 −4 , turn out to be
leading to
The above result overestimates the actual produced net charge. Since the temperature is not much smaller than the mass of the top quark, some inverse decays will take place reducing the result of Eq. (27) . A detailed calculation would require solving the relevant 10 The time scale of these charge violating decays is much smaller than the duration of the charge breaking phase.
Boltzmann equations. However roughly speaking, the inverse decays to produce a top quark are suppressed by the relevant Boltzmann factor [32] . Therefore the net charge is estimated to be
This is clearly much larger than the bounds 10 −29 -10 −30 quoted in the previous section.
Besides this mechanism there is an alternative way to produce a net charge asymmetry using the out of equilibrium conditions induced by the bubble growth. It is obvious that we have to focus only on charge violating reactions that occur on the bubble wall in order to determine the produced asymmetry. The out of equilibrium conditions, occurring due to the passage of the bubble wall, affect the number density of the left-handed fermions, which propagate in a different way from their antiparticles leading to an injected net left-handed fermion number [33] , [34] . The effect is not zero only for massive fermions and consequently we can not employ the fast charge violating processes of leptons since in our case they are massless.
Detailed calculations for these injected fluxes are given in Ref. [33] . Following the same arguments we have
where N F is the number of families, Γ is the rate of the charge violating reactions, F L the total left-handed fermion number density and µ i f the chemical potential of fermions involved in the reactions. Note that the charged asymmetry created by the wall, passes in the broken phase, inside the bubble, but unlike the baryon case it is not erased from the fast charged violating reactions, since the chemical potential of top quarks is not zero. In order to calculate the produced charge asymmetry, using this procedure, we need to know the bubble wall velocity, the diffusion and the screening of quarks into the plasma. The details of such a study are under consideration.
VI. CONCLUSION
In this paper we discuss the phase transition of a model with two Higgs doublets in which soft CP violating terms are present in the scalar potential. The motivation for this study originates from the fact that the successful mechanisms for explaining baryogenesis are based on such models. Besides this, such an extended Higgs sector resembles that of supersymmetric (SUSY) models and hence our conclusions may be of relevance for SUSY extensions of the SM.
Using the finite temperature one-loop corrected effective potential we have found that the phase transition occurs in two stages, assuming only that the parameters of the model are so chosen that the ratio of the vacuum expectation values at zero temperature differs from unity. During the first stage of the transition CP violating angles are amplified, as required in order to have enough baryogenesis, and at the same time a charge breaking stationary point is developed. This stationary point is a minimum, in a wide range of the parameter space, and leads to a large net charge asymmetry due to the appearance of the CP violating sources within the soft terms or Yukawa couplings. The magnitude of this asymmetry is calculated through the interference of the tree and one-loop contributions to the top quark charge violating decays, which are dominant. The predicted cosmic charge asymmetry is found to exceed existing astrophysical bounds, putting therefore stringent constraints on the parameters of the model.
The study undertaken in this paper is of relevance for the MSSM and other extensions of the SM which are characterized by a complicated Higgs sector. In the case of the MSSM we have two Higgs doublets and natural appearance of CP violating sources in the soft SUSY breaking terms of the scalar potential. The development of a charge breaking minimum during the cooling down of the Universe may lead, in this case too, to a large net charge asymmetry restricting the allowed parameter space. Besides this one has also to pay special attention to the appearance of other sorts of minima at finite temperatures, such as color breaking for instance, which in turn may impose further constraints on the parameters affecting therefore the phenomenological predictions. Such a study is under consideration and the results will appear in a forthcoming publication [36] .
Before closing it is worth mentioning that the possible two stage phase transition may be a feature shared by other multiscalar potentials as well, and it bears very interesting characteristics. In fact long time ago Langacker and Pi [28] proposed a very interesting solution to the monopole problem, assuming that at the GUT scale the universe experienced a stage during which the U(1) em gauge symmetry was broken. Whether this mechanism for the resolution of the monopole problem is applicable to SUSY-GUT's or other extension of the SM needs further investigation. The constraints given below are valid at tree level. They are very useful since they are the starting point for the specification of the accepted range of the model's free parameters.
The constraints coming from the requirement the potential to be bounded below are exactly valid and can also be used for one-loop effective potentials (and temperature corrected), using the redefined parameters [9] , [13] , [37] .
We have the following constraints on the parameters:
• The potential is bounded from below if and only if:
for every set of (Λ 3 , L 6 , L 7 ) of the following three combinations:
Λ 3 = λ 3 + λ 4 + λ 5 , L 6 = l 6 cos θ 6 , L 7 = l 7 cos θ 7 , Λ 3 = λ 3 + λ 4 − λ 5 , L 6 = −l 6 sin θ 6 , L 7 = −l 7 sin θ 7 ,
In Eqs. (A1) and (A2) Filled boxes and circled crosses are as in Fig. 1 .
